facturers (e.g. Cochlear Corporation and MED-EL) over the past 10 years, all with the same goal to preserve acoustic hearing in the low frequencies while providing highfrequency speech and sound perception by electrically stimulating the basal region of the cochlea. Research has shown that speech perception scores using EAS can be similar to those obtained with long-electrode CIs [Gstoettner et al., 2006; Reiss et al., 2008; Dorman et al., 2009] . A further advantage of EAS is that by preserving residual low-frequency hearing, frequency resolution is improved as evidenced by improved music perception abilities and better speech perception in background babble compared to electric stimulation alone Gfeller et al., 2006; Helbig et al., 2008; Lorens et al., 2008; Dorman and Gifford, 2010] . A similar benefit is seen when a CI is combined with acoustic input via a hearing aid (HA) in the nonimplanted ear [Kong et al., 2005] .
However, not all CI users with EAS maintain their residual acoustic hearing in the implanted ear after surgery. In clinical trials with the S8 short-electrode hybrid array using 6 intracochlear electrodes, residual hearing was preserved to within 10 dB of presurgical thresholds for 70% of patients [Gantz et al., 2009] . The remaining subjects had either threshold shifts of 20-30 dB for 20% of subjects or lost hearing completely for 10% of subjects. For partial insertion of full-length implants, hearing preservation rates are similar with approximately 66% of patients having hearing preserved within 10 dB of presurgical thresholds . Research also indicates that the loss of residual hearing in the implanted ear is correlated with reduced benefit of EAS for speech perception in noise [Gantz et al., 2009] .
One approach for such patients is to reimplant with a full-length electrode array; this has proved to be effective, but there are risks associated with a second surgery. Another approach is to change the programming strategy to compensate for the lost residual hearing. Currently, the default programming strategy for short-electrode CIs is to set the frequency-to-electrode allocation in the CI program to complement the residual acoustic hearing range in the implanted ear, with minimal overlap or gap between the two. For example, if the usable residual lowfrequency hearing range is from 125 to 750 Hz, using this approach, the electric range of the short-electrode CI would be set to 750-8000 Hz. Additionally, the acoustic range for the contralateral ear is typically programmed independent of the implanted ear. In this study, we aimed to determine what type of programming strategy would be optimal for short-electrode CI users who have lost residual hearing in the implanted ear. Would a lower-frequency experimental program, i.e., a frequency allocation that provides the full range of frequencies to replace the lost residual hearing, provide better speech perception scores than a narrower-frequency allocation? Or would the increased overlap with the residual hearing in the contralateral, nonimplanted ear, as well as decreased spectral resolution as a result of wider analysis filters for each available channel in the electrode array lead to poorer performance?
A secondary goal was to determine if spectral shifts in the CI program also induced shifts in pitch perception. Previous work has shown that pitch perception shifts by as much as 2 octaves after months to years after implantation and experience with a hybrid CI [Reiss et al., 2007 [Reiss et al., , 2008 . Pitch perception shifts over time may explain why pitch perception measured in standard long-electrode CI users is 1-3 octaves lower than expected based on the electrode location on the basilar membrane [Greenwood, 1990; Dorman et al., 1994; Blamey et al., 1996; Boex et al., 2006] . The pitch shift is likely driven by spectral discrepancies between CI frequency allocations and residual hearing [Reiss et al., 2008] , or by spectral discrepancies between 2 CIs in subjects using bilateral CIs [Reiss et al., 2011] . In fact, more recent studies have shown pitch perception measured immediately after implantation to be more closely aligned with predictions based on cochlear location [Eddington et al., 1978; McDermott et al., 2009; Carlyon et al., 2010] . For the subjects in this study, who have already had years of experience with the CI, will changes in the frequency allocation again lead to changes in the perceived pitch of the implant electrodes?
These two questions were addressed in a single experiment. Three short-electrode CI users who had lost all residual hearing in the implanted ear were recruited for this study. All subjects were fit with an experimental CI program, providing a lower frequency limit and a wider frequency range than their clinical listening program, and used this for at least 2.5 months. Speech and pitch perception data were collected at multiple intervals throughout the study to determine the effect of altering the CI frequency allocation on speech perception and pitch perception.
Methods

Experimental Design
Three subjects (S1, S2, and S3) with a Nucleus hybrid S8 shortelectrode CI participated in this study. Candidacy for the hybrid S8 clinical trial was based on subjects fitting the following criteria: preoperative consonant-nucleus-consonant (CNC) word scores of Frequency Remapping in Hybrid CIs Audiol Neurotol 2012; 17:357-372 10-50% in the worse (to be implanted) ear and ! 60% in the better ear, audiogram profiles of mild to moderate sensorineural hearing loss below 500 Hz and profound hearing loss at higher frequencies, and postlingual onset of deafness. Generally, these subjects had previously tried HAs with no success, and had speech recognition scores that exceeded the candidacy criteria for a traditional long-electrode CI. All 3 subjects were implanted at the University of Iowa and subsequently lost significant amounts of residual hearing (i.e., greater than 30 dB HL) in the implanted ear within the first year of implant use. As a result, the subjects discontinued the use of a HA in the ipsilateral ear with the CI.
The study consisted of 3 visits. At the first visit, all subjects were using their CI programmed with a relatively narrow frequency allocation (e.g. 688-7938 Hz) plus their own HA in the contralateral ear. Each subject was provided with a loaner CI processor that was programmed with an experimental CI frequency allocation. The experimental program was created by lowering the lower frequency boundary to effectively provide a wider frequency range (e.g. 188-7938 Hz) through the CI. Speech and pitch perception tests were administered to the subjects on the day of fitting. Clinical speech perception tests were administered first using both the experimental and the clinical programs immediately after device programming. Subjects were given at least an hour of listening time before pitch perception testing (typically over the lunch hour). Then pitch perception testing was administered, followed by consonant and vowel perception tests, if there was time. At the end of the first visit, subjects were instructed to wear the experimental program exclusively up to the third visit (approx. 2.5-5 months after fitting). Subjects returned for the second visit after 1-2 months, at which time only pitch perception testing was conducted (with the exception of S3, who was reprogrammed again at the second visit and underwent additional speech testing with the reprogrammed experimental map in addition to pitch testing). At the final visit, the speech and pitch perception tests were readministered using both the experimental and the clinical programs. In addition, at the conclusion of the study, the subjects' speech processors were reprogrammed according to their subjective preferences for the experimental or clinical program.
Unaided audiometric thresholds and sound field thresholds using the CI and HA devices were measured at the first visit. Unaided pure-tone audiometric thresholds for the contralateral ear were obtained using insert earphones for octave and interoctave frequencies from 125 to 8000 Hz. Aided audiometric thresholds for the CI and HA were measured in the sound field using narrowband noise at all octave frequencies from 250 to 4000 Hz for each subject. Individual audiometric thresholds collected in unaided and aided conditions are shown in figure 1 a-c. Throughout the study, unaided audiometric thresholds did not vary by more than 10 dB across the measured frequencies for any subject.
Hearing history and CI and HA programming information are described in detail for each subject as follows.
Subject S1
Subject S1 was a male subject with a history of noise exposure and progressive hearing loss, bilaterally, since the age of 38. This subject was implanted with a Nucleus Hybrid S8 short-electrode CI in the left ear on September 15, 2006 at the age of 63. Preoperative thresholds below 1000 Hz for the implanted ear ranged between 25 and 60 dB. The subject experienced a complete loss of hearing in the implanted ear by 3 months of CI use. During the first 19 months of CI use, the CI was programmed with 3 different programs of Hz. The subject reported a preference for the program of 688-7938 Hz.
The subject wore a Phonak Claro behind-the-ear HA in the contralateral ear. At the initial study visit, the subject was fit with an experimental program with a wider frequency range of 188-7938 Hz. The subject wore the experimental program for 5 months during the field trial. At the conclusion of the study, the subject reported a preference for the frequency allocation of 688-7938 Hz in the clinical program over the 188-to 7938-Hz experimental program. The subject was then fit with two clinical programs, a 438-to 7938-Hz and a 688-to 7938-Hz program, and a year later, the subject reported primarily using the frequency allocation of 688-7938 Hz.
Subject S2
Subject S2 was a female subject with a history of bilateral, progressive sensorineural hearing loss since the age of 39. This individual was implanted on June 10, 2005 in the right ear with a Nucleus Hybrid short-electrode CI at age 55. Preoperative thresholds below 1000 Hz in the implanted ear ranged from 20 to 80 dB. The participant experienced hearing fluctuations in the implanted ear during the first 6-12 months following implantation, which resulted in a complete loss of residual hearing by 24 months. During the first 23 months of implant use, the subject was given trial programs with frequency ranges of 688-7938 Hz and 1063-7938 Hz. From 23 to 33 months of implant use, the subject's preferred CI listening program was set with a frequency range of 563-7938 Hz.
The subject wore an Oticon SY1 in-the-ear HA in the contralateral ear.
At the first visit, the experimental program was fit using a frequency range of 188-7938 Hz. The subject wore this experimental program for approximately 3 months. At the conclusion of the study, the subject reportedly preferred the existing clinical program with a frequency allocation of 563-7938 Hz over the 188-to 7938-Hz experimental program.
Subject S3
Subject S3 was a male subject with a reported history of noise exposure and sensorineural hearing loss, bilaterally, since the age of 48. Preoperative thresholds below 1000 Hz in the implanted ear ranged from 30 to 60 dB. This subject was implanted with a Nucleus Hybrid S8 short-electrode CI in the left ear on November 21, 2003 at the age of 69 and experienced a decrease in residual hearing within 3 months following activation of his CI. During the first 24 months of CI use, the subject was given the opportunity to try different frequency ranges of 188-7938, 688-7938, and 3063-7938 Hz. From 24 to 58 months of CI use, the CI was programmed using a frequency range of 688-7938 Hz.
The subject wore a Widex Senso Diva SD-9M behind-the-ear HA in the contralateral ear.
At the initial study visit, the experimental program was fit using a frequency range of 188-7938 Hz. The subject reportedly was unable to tolerate this program and experienced significant difficulty understanding speech in everyday listening situations; the subject reverted back to wearing his clinical program after less than a week.
In response to the subject's feedback, the low-frequency boundary of the experimental program was changed from 188 to 438 Hz at the second visit which occurred 1 month after the initial fitting. The new experimental program was acceptable to the subject as he reported a remarkable subjective improvement using the frequency range of 438-7938 Hz compared to both the previous experimental program (i.e., 188-7938 Hz) and his previous clinical program (i.e., . In total, the subject wore this new experimental map for 2.5 months. At the conclusion of the study, the experimental program using a frequency range of 438-7938 Hz was the subject's preferred listening program.
CI and HA Programming and Verification
Following programming of the experimental frequency allocation, T-and C-levels were remeasured for all active electrodes in the Hybrid S8 device (out of 6 electrodes total) using standard clinical procedures. As for other Nucleus devices, electrodes are numbered from the basal to apical direction, with electrode 6 representing the most apical and lowest pitched electrode at approximately 10 mm of insertion depth. All other CI programming parameters including stimulation rate, pulse width, and maxima were set identically across conditions and identical to the subjects' clinical programs. Subjects were given two versions of the experimental program to use: a program where all preprocessing algo- rithms such as noise reduction and directional microphones were disabled, and an identically set program with autosensitivity to be used in between visits for listening in noisy situations. The program without any preprocessing was used for speech perception testing at each visit during the study. Because the study participants had their own HA in the contralateral ear, the fitting of this HA was verified using an NAL-NL1 HA prescription [Byrne et al., 2001 ] at the initial study visit. Real ear measurements were obtained using a Verifit real ear analyzer for a speech input presented at 65 dB SPL and for a maximum power output setting at 85 dB SPL. For all subjects, the HA fit was determined to be appropriate as the output of the HA met the low-frequency NAL-NL1 targets (i.e., 250 and 500 Hz).
Finally, aided sound field thresholds were measured using the CI-only and HA-only to verify the programming of each device along the speech spectrum ( fig. 1 a-c) . Sound field thresholds were obtained at all octave frequencies (in dB HL) from 250 to 4000 Hz using narrowband noise presented from a clinical audiometer. All speech perception and audiometric threshold testing was performed in a sound-treated IAC booth in the audiology department of the University of Iowa Hospitals and Clinics.
Speech Perception
The CNC monosyllabic word recognition test [Tillman and Carhart, 1966] and the Hearing in Noise Test (HINT) [Nilsson et al., 1994] were administered to assess speech perception abilities using the experimental and clinical programs. For the CNC word test, the stimuli consisted of 2 lists of 50 recorded CNC words presented in quiet. All stimuli were presented in the sound field at 70 dB SPL(C) at a distance of 1 m. The percentage of correctly repeated words, ranging from 0 to 100, represented each subject's performance. CNC word scores were collected using the subject's CI plus contralateral HA (CI+HA), CI alone (CI-only), and contralateral HA alone (HA-only). All subjects completed the CNC word test at the initial and final visits of the study.
Next, the HINT in noise was administered using recorded materials. HINT sentences were presented at 70 dB SPL(C) and the noise was an 8-talker babble presented at either +5 or +10 signalto-noise ratio (SNR). The SNR of the noise was determined individually for each subject such that a ceiling or floor effect was avoided. For example, the SNR that elicited sentence scores between 20 and 80% was selected and used throughout the study. Four lists of 10 sentences each were presented per condition and lists were randomized across subjects. Speech and noise were administered from a front-facing loudspeaker at a 1-meter distance. HINT sentences were scored by percent correct and ranged from 0 (poor) to 100 (excellent). The HINT was administered using the same conditions as CNC words: CI+HA, CI-only, and HA-only. Due to time constraints while testing, the HA-only condition at the initial study visit was not completed for subject S3.
Two subjects (S1 and S3) were also tested on consonant and vowel perception. For consonant perception testing, 16 consonants were presented in an /a/-consonant-/a/ context and spoken by 4 different talkers [Turner et al., 1995] . Stimuli were presented from a front-facing loudspeaker at 63 dB SPL. In most cases, the consonant set was presented twice, and scores were averaged over the two presentations. Performance was tested under two conditions: CI+HA, and CI-only. In both conditions, the implanted ear was plugged to ensure that no sound was reaching that ear. For vowel perception testing, 12 vowel sounds were presented in a /h/-vowel-/d/ context, with each vowel spoken by 20 different talkers [Henry et al., 2005] . Performance was tested similarly as for consonants; however, due to time constraints, data were typically obtained only for the acoustic plus electric condition and for one repetition only.
In comparison to CNC word recognition and HINT sentence tests, consonant and vowel perception tests were administered using the clinical programs at the start of the study, and using the experimental program at the conclusion of the study. This method was implemented to balance time constraints and to make sure that each subject had at least 3 months of listening experience with the program to be tested at the time of assessment. Note that consonant and vowel perception testing was completed for subjects S1 and S3 only. Subject S2 was unable to complete this testing due to testing fatigue. Results from the consonant and vowel testing were analyzed for place, manner and voicing confusions [Miller and Niceley, 1955] . Vowel results were analyzed for differences in formant and duration discrimination [Xu et al., 2005] .
For all speech perception tests, the contralateral ear in the CIonly condition was both plugged and muffed (to provide attenuation of greater than 30 dB, especially important for testing hybrid subjects with mild low-frequency hearing loss in the contralateral ear).
Pitch Perception
Electric-to-acoustic pitch matches were conducted using a computer to control both electric and acoustic stimulus presentations. Electric stimuli were delivered to the CI using NIC2 CI research software (Cochlear) via the implant programming interface. Stimulation of each electrode consisted of a pulse train of 25-s biphasic pulses presented at 1200 pps with a total duration of 500 ms. The pulse rate of 1200 pps per electrode was selected to reduce the effects of any temporal cues on pitch. The electrode ground was set to monopolar stimulation with both the ball and plate electrodes active (MP1 + 2). The level of the electric stimulation for each electrode was set to a 'medium loud and comfortable' current level.
Acoustic stimuli were delivered using a sound card and headphones. Acoustic tones were presented to the contralateral ear and set to 'medium loud and comfortable' levels. Loudness was balanced across all tone frequencies. Then, each CI electrode was loudness balanced with the acoustic tones to reduce loudness effects on electric-to-acoustic pitch comparisons.
Generally, a two-interval, forced-choice constant-stimulus procedure was used. One interval contained the electric pulse train delivered to a particular electrode in the implanted ear, and the other interval contained the acoustic tone delivered to the nonimplanted ear, with the order of presentation varied. The electric and acoustic stimuli were each 500 ms in duration and separated by a 500-ms interstimulus interval. The patient was instructed to indicate on a touch screen the interval that contained the higher-pitched stimulus. Trials were repeated by holding the stimulated electrode constant and varying the acoustic tone frequency in ¼ octave steps in pseudorandom sequence to reduce possible order effects [Reiss et al., 2007 [Reiss et al., , 2011 . Specifically, due to the difficulty of the electric to acoustic comparison, it has been observed in all subjects that the previous comparison tone influences the response to the subsequent comparison tone, such that the pitch of the electrode is judged to be higher in pitch with a descending sequence than with an ascending sequence ( 0  21  1414  1  22  707  1  23  353  0  24  176  0  25  1681  1  26  840  1  27  420  0  28  210  0  29  2000  1  30  1000  1  31  500  0  32  250  0  33  125  0  34  707  1  35  210  0  36  840  1  37  250  0  38  1000  1  39  297  0  40  1189  1  41  353  1  42  1414  1  43  420  1  44  125  0  45  1681  1  46  500  1  47  148  0  48  2000  1  49  594  0  50 176 0 Table 1 . A n example sequence of tone frequencies used in the electric-to-acoustic pitch comparison, and the responses
The sequence is selected from a subset of a Latin square sequence, with the second ha lf mirroring the first half of the sequence to average out observed sequence effects. The range of audible tone frequencies determines the length of the sequence. Subject responses of 1 indicate that the acoustic tone was higher in pitch than the electric tone, and responses of 0 indicate that the acoustic tone was lower in pitch. The exact same tone sequence was used in each run and session (in this case, for all electrodes for subject S3); the responses correspond to the data shown in figure 4 .
Thus, the sequence is counterbalanced to 'average' out these effects, with the first half of the pseudorandom sequence mirrored by the second half. In addition, the first tone frequency in the sequence is always selected to be the highest audible frequency, because the tone at the upper frequency boundary cannot be counterbalanced; otherwise the highest tone frequency will always be preceded by a lower-frequency tone that increases the likelihood that this tone is judged as higher in pitch than the electric tone. This measure is likely to reduce the effects of the acoustic tone frequency range on pitch match psychometric functions that were reported previously [Carlyon et al., 2010] , although further study is needed to verify this. The sequence itself is selected from a subset of a Latin square set of sequences. An example sequence is shown in table 1 ; the number of audible tone frequencies determines the length of the sequence, with each tone frequency repeated 6 times in this case. The exact same tone sequence was used in each run and session. Due to time constraints, pitch matches were conducted for 3 or 4 electrodes only and limited to those electrodes within the residual hearing frequency range of the nonimplanted ear.
The averaged pitch-matched responses were used to construct psychometric functions for each CI electrode. The range of pitchmatched frequencies was computed as those falling between the 25th and 75th percentiles on the psychometric function ( fig. 2 ) . For a pitch match result to be considered valid, the psychometric function had to reach 100%, i.e., at least one acoustic tone had to be judged as higher in pitch than the electrode 100% of the time. In some cases (i.e., for subject S2 at the second visit), the electric stimulation produced a pitch sensation too high-pitched for the subject to consistently rank any acoustic tones as always higher in pitch, due to the upper limit of the residual low-frequency hearing. If this occurred, the pitch matches were recorded as 'out of range'.
Results
Speech Perception
CNC Word and HINT Sentence Testing CNC word and HINT sentence testing was conducted for both the clinical and experimental programs at the start and the conclusion of the study. If speech perception data were available prior to the onset of the study, this was also plotted for reference. Statistical significance for the CNC and HINT speech perception tests was determined based on the binomial model using critical difference scores at a 95% confidence level [Thornton and Raffin, 1978] . For the CNC word test, statistical significance was calculated from a 100-word list [Carney and Schlauch, 2007] , and for HINT sentences, this was calculated from a 208-item list (i.e., 52 items times 4 lists each). Figure 3 shows CNC word recognition results for all 3 subjects for the following conditions: CI+HA, CI-only, and HA-only. For the CI+HA condition, no benefit was observed with the experimental CI program compared to the clinical program for any subject (refer to filled vs. open diamonds, as shown in fig. 3 ). For subject S1, as seen in figure 3 a, scores were initially no different using both programs (67% with the experimental program vs. 66% for the clinical program), and scores did not change for either program over time (58% for the experimental and 62% for the clinical program). For subject S2 ( fig. 3 b) , a crossover effect was observed. Initially, scores with the clinical program were significantly higher (72%) than scores with the experimental program (48%). However, performance improved significantly over time with the experimental program (66%) and a decrement in scores was observed with the clinical program (62%). Compared to the use of the clinical map at the start of the study, scores were lower for both conditions, but not significantly different. For subject S3 ( fig. 3 c) , performance with the final experimental program (61%) was the same as performance with the clinical program at the end of the study (60%). In summary, after listening experience with the experimental program, none of the subjects performed better with the experimental program compared to their best performance with the clinical program using both CI and HA.
Performance for the CI-only condition also did not show a significant improvement using the experimental program compared to the clinical program (filled vs. open squares shown in fig. 3 ) after listening experience. In addition, performance deteriorated significantly when the HA was removed compared to the CI+HA condition. The trends for each subject were similar to those seen with the CI+HA condition, though the overall scores were lower than obtained with the CI+HA condition. Example of an acoustic-to-electric pitch match for a CI electrode. The percentage of responses for which the electric pitch was higher than the acoustic tone pitch is plotted versus tone frequency. Arrows indicate the 25, 50, and 75% points.
Scores for subject S2 significantly improved over time using the experimental program in the CI-only condition (i.e., from 6 to 42%), but scores at the end of the study did not differ significantly compared with the clinical program (40%). For subjects S1 and S3, no significant change was observed in CI-only scores between the conditions. HA-only results are shown in figure 3 by the triangles. For subject S2, HA-only scores fluctuated over time. This subject's scores significantly improved over time by 17%, even though the HA programming parameters and acoustic hearing in that ear were unchanged. For the other 2 subjects, no significant change was observed in HAonly scores throughout the study. figure 4 are the HINT sentence recognition results for all 3 subjects. All subjects were tested at different SNRs as indicated in the text within the figures. Using the CI+HA condition, all subjects showed either no difference or a decrement in performance using the experimental program compared to the clinical program. As shown in figure 4 a, subject S1 initially performed best at +10 dB SNR with the experimental program (92%), but over time performance dropped to 80%, which was not significantly different than the clinical program at the last visit (76%). Subject S2 initially performed significantly better with the clinical program (72%) compared to the experimental program (28%), but over time, performance improved with the experimental program to 43% after 3 months fig. 4 b) . However, this subject was unable to perform the HINT with either program at the conclusion of the study at the original +5 dB SNR, and instead performed the test at +10 dB SNR. Thus, performance for this subject was best with the clinical program at the start of the study. As shown in figure 4 c, subject S3 had similar crossover results as subject S2. More specifically, a significant decrease in scores was measured over time with the clinical program (74 vs. 46%) with no change using the experimental program (55 vs. 62%). However, subject S3's best scores with the experimental program (62%) were significantly worse than the best scores with the clinical program at the start of the study (74%). Thus, performance for this subject was also best with the clinical program. CI-only scores on the HINT were not significantly different between the experimental and clinical conditions for subject S1, showed a crossover effect for subject S2, i.e. the scores with the experimental condition improved while the scores with the clinical condition worsened, and improved significantly over time for the clinical program only for subject S3 (refer to the squares in fig. 4 a-c) . Using the experimental program, CI-only scores were significantly lower than the CI+HA scores for all subjects at both visits. However, for the clinical program, CI-only scores were not consistently lower than CI+HA scores for all subjects. That is, subject S2 had similar CI-only (75%) and CI+HA (72%) scores at the start of the study, while subject S3 performed similarly using the CI-only and CI+HA at the end of the study (43 vs. 46%, respectively). HA-only scores decreased significantly for S1, but not for S2 over the duration of the study (see triangles in fig. 4 ). HA-only scores could not be obtained for S3 at the initial visit due to time constraints.
Shown in
Consonant and Vowel Tests
Consonant and vowel perception scores were also measured for the clinical and experimental programs. While performance cannot be directly compared between programs because they were not tested on the same day, the results provide some indication of the differences in speech information available to subjects with each program.
Consonant perception results are shown for subjects S1 and S3 in figure 5 . Performance for the CI+HA condition decreased in each individual when switching from the clinical to the experimental program. However, for both subjects when analyzing feature only, there is a greater transmission of voicing at the cost of transmission of place information in the CI+HA condition.
Consistent with results from the CNC and HINT speech recognition tests, there was a decrement in consonant perception performance when the HA was removed and the CI was tested alone. Performance for the CI-only condition decreased with the experimental program compared to the clinical program for subject S1, but increased slightly for subject S3. When broken down by feature, the scores for both place and voicing improved at the cost of manner. Shown in figure 6 are vowel perception results for subjects S1 and S3. Subject S3 showed improvement in vowel recognition under the CI+HA condition when using the experimental program compared to the clinical program, and showed improved coding of all features consistent with this overall improvement. Subject S1 did not show any improvement in overall vowel recognition score, and when the score was broken down by feature, F1 transmission was unaffected, but F2 and duration transmission was decreased, consistent with the decrease in high-frequency information at the cost of increased low-frequency information.
Changes in Pitch Perception with New Maps
The pitch match results for all 3 subjects are shown in figures 7-9 . Each figure shows the pitch match for each electrode over time, as well as the corresponding electrode frequency allocations in the shaded regions for comparison. The points indicate the 50% points of the pitch match, and the vertical lines indicate the 25-75% ranges of the pitch match. The lines connecting the 50% points over time are plotted to help visualize the trends and do not necessarily indicate the true time course of the changes. Statistical significance of differences between pitch matches at different times was evaluated using nonparametric bootstrap estimation of 95% confidence intervals [Efron and Tibshirani, 1993; Wichmann and Hill, 2001] .
Generally, all 3 subjects had pitch match centers and ranges that tended to follow the frequency allocation trends over time, with some small differences across subjects. Figure 7 a shows that for subject S1, the pitch of electrode 6 dropped slightly at 1 month after introduction to the experimental program, and increased slowly over time after the subject reverted back to the original program at 5 months; however, the changes over time were not significant for this electrode. In addition, the pitch of electrode 6 was always perceived slightly higher than the frequency range allocated to that electrode. In comparison, the pitch of electrode 4 showed significant changes both at 1 month versus 0 months (after the experimental program was introduced), and at 1 year versus 5 months (after the subject reverted back to the original program; fig. 7 b) . Unlike electrode 6, electrode 4 was always slightly lower than the allocated frequency range, even overlapping in pitch with electrode 6. The difference in offsets between electrodes could be explained in 2 ways. Either there was an incomplete adaptation to the frequency allocations for this subject, or electrodes that were initially widely separated in pitch dropped in pitch over time and aligned with the lowest audible frequencies. In other words, over time the same pitch was perceived in all electrodes, a trend that has been observed in some long-electrode CI users [Reiss, unpubl. obs.] .
Displayed in figure 8 , subject S2 had pitch changes that were less than predicted from the change in frequency allocation. Initially, the pitch perception for this subject was in the middle of the range for the clinical frequency allocation (refer to gray shaded area in the left part of fig. 8 ). After the introduction of the experimental program, the pitch changed rapidly, but remained slightly higher than the new frequency allocation (as shown by circles versus gray shaded area in the middle of fig. 8 ). In addition, for some time points, the electrode pitch could not be bracketed within the residual acoustic frequency range, suggesting high variability or unreliability for this subject. This subject also reported sleepiness and inabil-ity to focus at these particular sessions. The changes were not significantly different over time except at 15 months versus 3 months (after the subject reverted back to the original program). Figure 9 shows that subject S3 had pitch changes that closely followed the frequency allocation changes, especially for electrode 6 ( fig. 9 a) . Electrode 4 may also have followed the frequency allocation changes, and shows incomplete or slow adaptation at the end of the study ( fig. 9 b) . The changes were significant for electrode 6 at 0 months (when the experimental program was introduced) versus 1 year prior to the study, and for electrode 4 at 3 months (when the subject reverted back to the original program) versus 0 months.
It is most interesting that, for subjects S2 and S3, the measured pitch changes for electrode 6 occurred within the same day of fitting the new frequency allocation (i.e., 0 months, as shown in fig. 8 and 9 a) . More specifically, the pitch changes occurred very quickly in both subjects, or within 3-4 h after fitting the experimental program. In contrast, subject S1 generally had pitch changes that lagged after the frequency allocation changes. More specifically, the pitch changes for this subject occurred within 1 month after introducing the experimental program for both electrodes 6 and 4 ( fig. 7 a, b ) and several months after reversion to the clinical programming for electrode 4 ( fig. 7 b) . There was one exception of a rapid pitch change within 1 day on electrode 6 that occurred at the 5-month visit after resetting the CI frequency allocation back to the subject's clinical program ( fig. 7 a) .
Discussion
Overall, for the subjects in this study, the use of a lower-frequency experimental program compared to a clinical program did not improve speech perception outcomes. Performance on CNC word recognition tests in quiet for the CI+HA condition did not differ between the two programs after listening experience of at least 2.5 months with each program. For HINT sentences, performance was variable among all 3 subjects and showed a decrement using the experimental program for 2 of the subjects. In addition, for all speech materials, performance was always better in the CI+HA condition compared to the CI-only condition, consistent with studies of EAS patients with an HA in the same ear as the CI [Gstoettner et al., 2004; Kiefer et al., 2005; Lorens et al., 2008; Dorman and Gifford, 2010] , as well as studies of long-electrode CI users with an HA in the contralateral ear [Armstrong et al., 1997; Tyler et al., 2002; Ching et al., 2004; Flynn and Schmidtke, 2004; Dunn et al., 2005] .
The consonant and vowel perception results were not directly comparable across programs because testing was conducted on different days. However, they may provide an indication of the differences in speech information transmission between programs. For the 2 subjects tested on consonant perception, performance was slightly worse using the experimental program compared to the clinical program. For vowel perception, performance varied among the 2 subjects tested, in that subject S1 showed no change with the 188-Hz frequency allocation and subject S3 showed slightly improved vowel recognition with the 438-Hz frequency allocation. When broken down by feature, different features were transmitted with the experimental than with the clinical program, especially for consonants. More consonant voicing information was trans- mitted with a lower-frequency experimental program, while less place information was transmitted, consistent with the presence of more low-frequency information at the cost of frequency resolution of high-frequency information. These tradeoffs accounted for by the limited number of available electrodes might potentially be avoided if more electrodes are available in future EAS electrode designs. At the conclusion of the study, only subject S3 showed an improvement with the experimental program for vowel perception in quiet. Subject S3 was also the only participant that subjectively preferred the experimental program, and elected to use this program as his everyday listening program instead of reverting back to his clinical program. It is important to emphasize that this subject received a different frequency allocation for the experimental program than the other subjects (low-frequency cutoff was set at 438 Hz instead of 188 Hz). It is possible that this subject's preference for the experimental program at the end of the study was perceived as a great improvement compared to the initial experimental program of 188 Hz, which caused a significant adverse reaction by the subject. The other 2 subjects, S1 and S2, chose to revert back to the existing clinical program based on their subjective impressions and the speech perception results. For subjects S1 and S2, it may be possible that residual hearing in the contralateral ear provides good audibility and speech understanding when complemented by a higherfrequency clinical allocation provided through the CI, and that further manipulations of the CI frequency range are not beneficial. Alternatively, it is possible that the duration of the study was not long enough to provide enough listening experience necessary for speech perception.
Pitch perception, on the other hand, changed as predicted by the lowering of the frequency allocation in the subject's program. All subjects showed downward shifts in pitch compared to their contralateral acoustic reference after experience with the experimental program. Surprisingly, some of these shifts occurred rather quickly within a few hours of testing with the experimental program, especially for subjects S2 and S3, who had the longest duration of experience with the CI. This finding contrasts with the slow pitch shifts seen over time in newly implanted Hybrid short-electrode CI users, which occur on a scale of months to years after implantation [Reiss et al., 2007] . After a slower initial adaptation to the unnatural temporal and spectral excitation patterns produced by the CI, new frequency allocations may induce faster pitch shifts in experienced CI users, much like the fast perceptual adaptation seen within minutes in the normal visual system with prisms in human subjects [von Helmholtz, 1962; Held, 1965] . More rapid changes in experienced CI users may explain why adaptation to speech perception with new frequency allocations occurs relatively rapidly, within 3 months in some users [Fu et al., 2005] .
These preliminary findings suggest that changes in pitch follow the changes in frequency-to-electrode allocation and are consistent with the hypothesis that pitch plasticity occurs in order to minimize perceived spectral mismatches between multiple inputs, such as between acoustic and electric inputs or even bilateral electric inputs [Reiss et al., 2008 [Reiss et al., , 2011 . Initially, when patients are first implanted, the frequency-to-electrode allocations often do not match the cochlear place frequencies of the neurons that are actually stimulated. This results in a discrepancy between acoustically and electrically stimulated frequencies, which appears to be resolved by pitch plasticity that causes the pitch perceived through each CI electrode to eventually align with the frequencies allocated to that electrode. In the case of experienced CI users, when frequency-to-electrode allocations are changed, the brain again hears pitches stimulated electrically that do not match those heard acoustically, especially if the pitch perception had adapted to the previous frequency-to-electrode allocation. Our data suggest that in experienced CI users, the brain is again able to adapt the pitch perceived by each electrode to match the sound frequencies allocated to that electrode, possibly even more rapidly or by a different physiological mechanism than in new CI users.
All of the subjects in this study showed pitch changes following experience with an experimental program. It is not clear yet whether changes in speech perception were associated with changes in pitch perception based on the limited number of subjects in this study.
Clinical Implications
Currently, the default programming strategy for traditional or full-length CI users is to provide the full range of frequencies to the implanted ear, which often overlaps with the residual hearing in the contralateral ear. For EAS users, the default strategy is to complement the residual hearing in the implanted ear. Few studies have investigated whether CI programs should overlap or complement the residual hearing in the contralateral ear in either population. A study of normal-hearing listeners using simulations of EAS found superior performance when minimizing the gap between the acoustic and electric frequency ranges for speech in quiet and in noise [Dorman et al., 2005] . However, this study did not look at the effects of increasing or changing the overlap between the acous-tic and electric stimulation. Other studies of EAS have shown optimal speech recognition in noise when there is less overlap between the acoustic and electric frequency ranges, though there is variability in this effect across subjects James et al., 2006; Karsten et al., in press] .
In particular, Vermeire et al. [2008] compared the performance of 4 EAS users with CI frequency allocations overlapping or complementing the acoustic frequency range. The frequency range and gain of the HA was also varied. Three of 4 subjects performed best on speech recognition tests in a background of speech-shaped noise when the CI frequency allocations had a higher low-frequency cutoff, complementing the acoustic frequency range, and when the frequency range of the HA amplification and gain was maximized. This benefit was largest for +10 and +15 dB SNR. However, the study was limited by the in-the-ear HA used with EAS, which limited the gain and the ability to meet amplification targets. The benefit of decreased overlap was greatest for the subject with the best preserved low-frequency thresholds. In comparison, the 1 subject who did not benefit from decreased overlap had the poorest low-frequency thresholds, and thus, was unlikely to have obtained optimum speech recognition benefit from the in-the-ear HA. This subject likely benefited from a full, overlapping frequency range because low-frequency acoustic information was not sufficiently amplified acoustically.
Another study [Karsten et al., in press] also found a detriment of increased spectral overlap between the CI and the residual acoustic hearing for understanding speech in the presence of background talkers, suggesting that the negative effects of overlap apply for both speechshaped and babble noise.
This study found that speech perception in quiet was minimally affected with a broader CI frequency allocation, likely because of the redundancy of speech information across frequency, especially for consonants. In contrast, for speech perception in noise, 2 out of 3 subjects (S2 and S3) performed worse when a broader CI frequency allocation was used in combination with an HA in the contralateral ear, even after 2-3 months of experience with the broader frequency allocation. These findings suggest a potential interference effect of overlap of the CI with acoustic hearing in the contralateral ear, which may overwhelm any advantage offered by providing a broader frequency range to the CI. The data from this study agree with those of previous EAS studies showing better speech perception results in noise using decreased spectral overlap between a CI and HA in the same ear James et al., 2006; Vermeire et al., 2008; Karsten et al., in press] . Similar benefits of decreased spectral overlap between binaural inputs for speech perception in noise have also been seen in normal-hearing, hearingimpaired, and bilateral CI users [Rand, 1974; Franklin, 1975; Loizou et al., 2003] . Thus, the results from this study as well as previous studies indicate that less spectral overlap of the CI with the residual acoustic hearing may be better for both partial-insertion CIs combined with an HA in the ipsilateral ear (EAS) and full-length CIs combined with an HA in the contralateral ear (bimodal stimulation).
